Abstract. We use a time-dependent dynamical mean-field-hydrodynamic model to predict and study bright solitons in a degenerate fermion-fermion mixture in a quasi-one-dimensional cigar-shaped geometry using variational and numerical methods. Due to a strong Pauli-blocking repulsion among identical spin-polarized fermions at short distances there cannot be bright solitons for repulsive interspecies fermion-fermion interactions. However, stable bright solitons can be formed for a sufficiently attractive interspecies interaction. We perform a numerical stability analysis of these solitons and also demonstrate the formation of soliton trains. These fermionic solitons can be formed and studied in laboratory with present technology. . Bright solitons in a Bose-Einstein condensate (BEC) are formed due to an attractive nonlinear atomic interaction [13]. As the interaction in a pure DFG at short distances is repulsive due to strong Pauli blocking, there cannot be bright solitons in a DFG. However, it has been demonstrated [14,15] that bright solitons can be formed in a DBFM in the presence of a sufficiently strong bosonfermion attraction which can overcome the Pauli repulsion among identical fermions.
Recent observations [1] [2] [3] [4] and associated experimental [5] [6] [7] and theoretical [8] [9] [10] [11] [12] studies of a degenerate Fermi gas (DFG) by sympathetic cooling in the presence of a second boson or fermion component suggest the possibility of soliton formation. Apart from the observation of a DFG in the following degenerate boson-fermion mixtures (DBFM) 6, 7 (BEC) are formed due to an attractive nonlinear atomic interaction [13] . As the interaction in a pure DFG at short distances is repulsive due to strong Pauli blocking, there cannot be bright solitons in a DFG. However, it has been demonstrated [14, 15] that bright solitons can be formed in a DBFM in the presence of a sufficiently strong bosonfermion attraction which can overcome the Pauli repulsion among identical fermions.
We demonstrate the formation of stable fermionic bright solitons in a DFFM for a sufficiently attractive interspecies fermion-fermion interaction. In a DFFM, the coupled system can lower its energy by forming high density regions, the bright solitons, when the attraction between the two types of fermions is large enough to overcome the Pauli repulsion among identical fermions. We use a coupled time-dependent mean-field-hydrodynamic model for a DFFM and consider the formation of axiallyfree localized bright solitons in a quasi-one-dimensional cigar-shaped geometry using numerical and variational solutions. The present model is inspired by the success of a similar model suggested recently by the present author in the investigation of collapse [12] and bright [15] and dark [16] solitons in a DBFM. We study the condition of modulational instability of a constant-amplitude solua e-mail: adhikari@ift.unesp.br tion in this model and demonstrate the possibility of the formation of bright solitons. We also present a numerical stability analysis of these robust bright solitons and consider the formation of a soliton train in a DFFM by a large sudden jump in the interspecies fermion-fermion scattering length near a Feshbach resonance, experimentally observed in both 6 Li-6 Li and
. We use a simplified mean-field-hydrodynamic Lagrangian for a DFG used successfully to study a DBFM [12, 15, 16] . The virtue of the mean-field model over a microscopic description is its simplicity and predictive power. To develop a set of time-dependent mean-fieldhydrodynamic equations for the interacting DFFM, we use the following Lagrangian density [12, 15] 
where j = 1, 2 represents the two components, ψ j the complex probability amplitude, n j = |ψ j | 2 the real probability density, * denotes complex conjugate, m j the mass,
2 a 12 /m R with m R = m 1 m 2 /(m 1 + m 2 ) the reduced mass, and a 12 the interspecies fermion-fermion scattering length. The number of fermionic atoms N j is given by drn j (r) = N j . The trap potential with axial symmetry is V j (r) = 1 2 m j ω 2 (ρ 2 + ν 2 z 2 ) where ω and νω are the angular frequencies in the radial (ρ) and axial (z) directions with ν the anisotropy. The interaction between identical intra-species fermions in spin-polarized state is highly suppressed due to Pauli blocking terms 3A j n (4) for N1 = N2 = 50 are also shown. (1) contribute little to this problem compared to the dominating Pauli-blocking terms. However, its inclusion leads to an analytic solution for the probability density everywhere [15] .
With the Lagrangian density (1), the following EulerLagrange equations can be derived in a straight-forward fashion [12, 15] :
where j = k = 1, 2. This is essentially a time-dependent version of a similar time-independent model used recently for fermions [10] . For large n j , both lead to the Thomas- 10, 12] with µ j the chemical potential. As the bright solitons of this rapid note are stationary states, they could be obtained by the time-independent approach used in reference [10] . The stationary approach of reference [10] has passed rigorous tests of comparison of the hydrodynamic-mean-field spectra of localized fermions with the spectra calculated in the collisionless regime within the random-phase approximation (RPA). The results of mixing-demixing and collapse of the hydrodynamic approach are in agreement with the RPA analysis [11] . The detailed behavior of collective excitation of trapped fermions has also been found to agree with that obtained by an RPA analysis [10] . For a description of stationary solitons (e.g., of Fig. 1) we could have used the well-established formulation of reference [10] to obtain identical results, as the present time-dependent dynamical description and the time-independent approach of [10] yield identical results for stationary states. However, we shall be using the present time-dependent dynamical formulation to study the nonequilibrium generation soliton trains, in addition.
We reduce three-dimensional equations (2) to a minimal quasi-one-dimensional form in a cigar-shaped geometry with ν 1, where the radial motion is frozen in the ground state of the harmonic trap and the dynamics is carried by the axial motion. For radially-bound and axially-free solitons we eventually set ν = 0. Following reference [15] this reduction can be done in a straight-forward fashion and we quote the final results here:
where φ j , j = k = 1, 2 represents the two solitons, τ = tω/2, y = z/l, N jj = 9(6πN j ) 2/3 /5, N jk = 12|a 12 |N k /l, l = /(ωm), with m = 3m 1 = 3m 2 . Here we employ equal-mass fermions, a negative a 12 corresponding to attraction, and normalization ∞ −∞ |φ j (y, τ )| 2 dy = 1. In equations (3) a sufficiently strong attractive fermionfermion coupling N jk |φ k | 2 (j = k) can overcome the Pauli repulsion N jj |φ j | 4/3 and form bright solitons. Now we perform a stability analysis of constantamplitude solutions of equations (3) and study the possibility of generation of solitons in the symmetric case: N 1 = N 2 , when φ 1 = φ 2 ≡ ϕ and these equations reduce to 
